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H-mode experiments on Alcator C-Mod [I. H. Hutchinson, et al., Phys. Plas. 1, 1511 (1994)]
which exhibit an internal transport barrier (ITB) have been examined with gyrokinetic
calculations, before barrier formation. Ion temperature gradient (ITG) and electron temperature
gradient (ETG) modes are unstable outside the barrier region and not strongly growing in the
core; in the barrier region ITG is only weakly unstable. Linear calculations support the picture
that ITG and ETG modes drive high transport outside the ITB, and that weakly unstable ITG
modes in the barrier region correlate with reduced particle transport and improved thermal
confinement even before the ITB is established, without the need for ExB shear stabilization.
Long wavelength mode stability in the barrier region is analyzed in the context of a phase
diagram for ion and electron drift waves by varying the temperature and density scale lengths.

Results from the gyrokinetic code GS2 [M. Kotschenreuther, et al., Comp. Phys. Comm. 88, 128



(1995)] are compared to standard threshold models and benchmark successfully against

experiment in the plasma core.

(PACS numbers: 52.30.Gz, 52.35Kt, 52.35Qz, 52.35.Ra, 52.55.F)



. INTRODUCTION

When internal barriers to plasma particle and energy transport develop, high temperature
plasma is well confined, a necessary step toward economical fusion reactors. Because Alcator C-
Mod' is a toroidal magnetic confinement device with high toroidal field, high plasma density,
and radio frequency (rf) heating, its transport characteristics are of special interest, being relevant
to fusion reactor scenarios”. In this paper, plasma conditions just before internal transport barrier
(ITB) formation on C-Mod are analyzed for linear drift mode stability using the GS2**
gyrokinetic code. This code provides a stability analysis of ion temperature gradient (ITG),
trapped electron mode (TEM) and electron temperature gradient (ETG) drift modes using a fully
electromagnetic, flux-tube model, four plasma species, a realistic numerical equlibrium, electron
and ion collisions and including the full nonadiabatic electron response.

The paper is organized as follows: in Sec. II we describe the experimental conditions; in
Sec. III the gyrokinetic equations and analysis results are presented, including extensive linear
studies of the effects of density and temperature scale length changes on ITG/TEM stability. In
the discussion of Sec. IV, code results are compared to standard models and tested against
transport analysis of the experiment. The paper concludes with a summary in Sec. V.
Il. ALCATOR C-MOD INTERNAL TRANSPORT BARRIER EXPERIMENT

Following off-axis rf heating and establishment of a high performance (H-mode) plasma,
C-Mod develops a reproducible ITB with a steep electron density profile’. In contrast to other
such experiments®, this ITB occurs without reversed magnetic shear or high plasma rotation.
This experiment is the subject of much recent analysis™ '°, including gyrokinetic simulations'*
of strong TEM microturbulence late in the discharge, during the fully developed ITB phase.

These ITB experiments are of special interest as thermal confinement found from experimental



transport analysis is higher than predicted by neoclassical theory in the plasma core. A typical
such experiment is analyzed here, pulse #1001220016 (Fig. 1). This experiment is characterized
by R,= 0.69 m, B,=4.5 T, 1,=0.78 MA, and central electron density n.(0)= 4x10%°/m’, where the
majority ions are deuterium. The central plasma beta, defined as the plasma kinetic energy at the
magnetic axis divided by the confining field magnetic energy, is less than 1%. Toroidal rotation
is found to reverse sign as the barrier is established, being near zero at the plasma center at the
time of ITB onset (Fig. 1).

The ITB exhibits steep, spontaneous density peaking and a reduction in particle transport
occurring without a central particle source. The ITB develops in the early phase of a dual
frequency rf experiment, with central rf heating providing density control later in the discharge.
In the early phase, an ion cyclotron radio frequency (ICRF) EDA H-Mode, the hydrogen
minority resonance is at 7/a~0.5 on the high field side, beginning at 0.7 s. EDA refers to
enhanced D, radiation, which characterizes high performance H-modes at high densities and
temperatures. Plasma radii are normalized by the midplane half radius, a = 0.22 m. ITBs form in
both ohmic and ICRF heated plasmas, from fully equilibrated H-modes. Modeling of radio
frequency heating of the hydrogen minority indicates the hydrogen temperature (7,=2E;/3k) to
be peaked around the half radius, with a less radially peaked hydrogen density profile. The ion
distribution function is not thought to have a high energy rf tail, due to the high density and
collisionality.

The density profile data was obtained from inverted visible bremstrahlung measurements,
adjusted for the Z, and temperature dependence. Electron temperature data was taken from
Thomson scattering as the electron cyclotron emission (ECE) signal is cut off during the ITB

because of rising electron density.



Ion and electron collisions have a strong impact on drift wave stability and depend
sensitively on plasma densities and temperatures. Consequently, the identification of impurities
and characterization of minority species is important in microstability modeling. The impurity
and minority ions at 0.9 s are estimated to be 3% boron and 4% hydrogen. The walls of C-Mod
are molybdenum, regularly coated with boron (from D,Bs boronization) for edge density control.
Examination of bolometer profiles indicates molybdenum levels less than 0.1%. The low-Z
impurity level is estimated at 3% from visible bremsstrahlung measurements, yielding Z.;~1.64.
The impurity ion is identified as boron, although the low-Z impurities may be actually 2% boron
and 1% carbon. Boron and carbon are so similar in collisional properties that only boron
impurity ions are included in the calculations. No oxygen is thought to have been present. The
hydrogen to deuterium ratio, 4% at 0.9 s, was obtained from spectroscopic measurements of D,
and H , radiation.

Error in the experimental measurements of all data is estimated to be on the order of 10-
20%. The experimental data was analyzed with the TRANSP code'’. The plasma ion temperature
profile in TRANSP was modeled under the assumption that y; is proportional to the neoclassical
ion diffusivity'®, x; = Ky“""¢"" The factor of proportionality, K, is chosen to match the
measured neutron data at the plasma center to that computed by TRANSP in the transport
analysis. K varies during the evolution of the plasma, being about 1.5 when averaged over 0.85
to 0.95 s. This leads to 7j(r) being broader, and slightly lower than 7,(7). While the high density
of C-Mod suggests that 7; =7, would be a good assumption in the plasma core, the data are
consistent with either ion thermal loss model®.

Radial profiles of the electron density, the magnetic safety factor ¢, the electron

temperature and the ion temperature from the TRANSP analysis for times within the L-mode, H-



mode and early ITB phases are shown in Fig. 2. This analysis included a sawtooth model which
causes the safety factor to drop below unity by ~10% at each sawtooth. As the sawtooth period is
10 ms, a sawtooth-averaged condition is used for the gyrokinetic calculations. TRANSP
modeling leads to a normal shear profile, with ¢ monotonic. Three radial locations (7/a=0.25,
0.45, 0.65) were chosen for microstability analyses to characterize the core, barrier region and
outer plasma conditions. The times of interest chosen for the gyrokinetic calculations near the
time of ITB onset are 0.8 s and 0.9 s.

The TRANSP results were processed with TRXPL'", averaging over 50 ms at the time of
interest. TRXPL generates the input files for the microstability calculations, recomputing the
plasma equilibrium and calculating the input parameters for the gyrokinetic code from the
TRANSP profiles of the plasma densities, temperatures, etc. These parameters are given in
Table 1. In these calculations the ratios of the deuterium, boron and hydrogen ion densities to the
electron density are ny/n. = 0.8, ny/n, = 0.03, ny/n. = 0.04. The normalizations for reference mass
and reference length are m,,, = 2 and a,s = 0.22 m. The electron, deuterium, boron and
hydrogen ion collisionalities, Ve.;, Vai, Voi Vi, are defined at the GS2 webpage®. Mode growth
rates and real frequencies are usually normalized in physical units, c¢s/a. The normalization cy/a
for each radius is specified in laboratory units (MHz) in Table I; the electron thermal velocity is
defined vie=(T./m.)"’.

lll. GYROKINETIC CALCULATIONS
A. Gyrokinetic model of drift wave turbulence

The transport of particles and energy in high temperature fusion plasmas is widely

believed to result from the turbulence of drift wave fluctuations (see Wesson®” and references

therein). Three types of drift waves are believed to affect plasma confinement: the ion
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temperature gradient (ITG) mode™ ", the trapped electron mode (TEM)™ ", and the electron

4,23-26

temperature gradient (ETG) mode driven by passing electrons . The longest wavelength drift

mode microturbulence in our study is characterized by normalized wave vectors, 0.1k, p <1,
where p, =+/m,T,/eB and k, isthe wave vector component perpendicular to the magnetic field

line which wraps around a magnetic flux surface. We denote instabilities at these wavelengths
“ITG/TEM” as they are often hybrid modes characterized by both ITG and TEM behavior. The

trapped ion mode (TIM) turbulence*”*’

which corresponds to even longer wavelengths has
typically lower linear growth rate and is not considered in these linear stability studies. For 1=
k,ps=<10 the instabilities are again designated ITG/TEM, transitioning to pure ETG
microturbulence above k,0,~10.

Because the ITG/TEM mode has the longest wavelength, it is most likely to cause plasma
transport. In this paper we consider all drift mode instabilities at the onset time, but particularly
investigate whether the experiment is above or below marginal stability of the ITG/TEM for
0.1<k p, =<1, and compare the ITGTEM critical temperature gradient to standard models used in
reactor design.

In general, driving forces for the microturbulence arise from temperature and density
gradients in w+, mediated by the effects of passing ions and of trapped electrons. Stabilization of
turbulence can be achieved through high values of magnetic shear §, g, 8” =VJ3, impurities,
collisional effects, and nonzero 7,. See references 20 and 21 for detailed discussion and
additional citations about the plasma physics which underlies these effects. The competition
among many driving and stabilizing forces requires computational methods to analyse a

particular experimental situation.



Calculations were carried out on the Department of Energy National Energy Research
Scientific Computing Center’s IBM RS/6000SP computer with 64 parallel processors distributed
on 4 nodes, using approximately 5,000 hours of computation on the IBM SP. The gyrokinetic
Vlasov-Maxwell system equations described above are iteratively solved for 10,000-50,000 time
steps, until the microinstability growth rates, y, and real frequencies, w, are verified to have
converged and the usual measure of the electrostatic potential, /n/@f, is verified to be linearly
increasing, in cases designated unstable.

B. Gyrokinetic calculations of ITG/TEM at 0.8 and 0.9 s

On C-Mod, ITBs generally develop from fully equilibrated H-modes. A linear stability
analysis was carried out for the ITB region early in the H-mode phase at 0.8 s and in the fully
equilibrated H-mode at 0.9 s, just before ITB onset. The calculations are intended to understand
the conditions before ITB formation, and possibly to identify a trigger mechanism. At 0.8 s and
at 0.9 s the input plasma parameters are the same within 10%, except |a,.rVn;/n;| which is ~0.07
at 0.8 s, rather than ~0.42, for all species j. The long wavelength growth rate and real frequency
spectra of weak, fully converged ITG/TEM modes at 0.8 s and 0.9 s are very similar (Fig. 3) as
are those for the higher wavelength ITG/TEM and ETG drift modes. All subsequent calculations
in this paper concern plasma conditions at 0.9 s in the fully equilibrated H-mode phase or
variations about those conditions.

C. Gyrokinetic calculations for ITG/TEM and ETG drift modes at 0.9 s

Figure 4 depicts a phase diagram for long wavelength drift mode instability, adapted from
Fig. 1 of Ref. 28. In it we map the stability analysis results for the experimental radii at the onset
time (Fig. 5) and for variations in the temperature and density gradients of the plasma species

(discussed in Sec. IIID). We keep the ITG and TEM labels of Ref. 28 for this figure. Star



symbols indicate the three C-Mod radial locations simulated, with stable conditions found in the
plasma core (red) and weakly unstable ITG modes at the barrier region (green) and strongly
unstable ITG modes outside the barrier region (blue). Dashed lines represent the coordinates for
calculated variations about the base case at the barrier region, in the two-dimensional,
normalized temperature gradient and density gradient space. For Fig. 1 of Ref. 28, it is assumed
that S is low, 7,=T; and that ETG modes are not unstable; in contrast the calculations for the C-
Mod experiment show ETG unstable. We define RVT/T = (RVT/Ti+RVT,/T.)/2 and RVN/N =
(RVnang +RVn./n,)/2. R is the plasma major radius. The microstability analysis paths depicted
in Fig. 4 by dashed lines track transitions from stable to unstable conditions as well as between
the ITG and TEM instabilities, as discussed below.

Figures 5a and 5c show the wave vector dependent spectra of drift mode growth rates
and real frequencies, respectively, at the ITB onset time, 0.9 sec for each radius, on a log
abscissa. Fig. 5b shows the ITG/TEM growth rates on a linear abscissa.

In the plasma core ETG modes are stable. In the core, weakly unstable ITG/TEM modes,
apparently well converged in time, with 0.3< k0, <0.6 (0.02 MHz) are found in calculations of
five 2rt field periods along the field line. These instabilities, possibly driven by boundary
conditions and the breakdown of the ballooning approximation for very low magnetic shear,
have very low growth rates (<0.005 MHz) for field lines extended to seventeen 2 field periods.
They rotate in the electron diamagnetic direction with peaks in the eigenfunctions from particle
trapping regions in each period. Convergence studies in field line length were necessary in the
plasma core, but not at or outside the ITB region, due to the good eigenfunction localization
there. The ITG/TEM instability is not expected in the plasma core, since

n'=(VTy/T)/(Vn./n,)=0.94. These modes are unlikely to be kinetic ballooning instabilities since



p=0.75% in the plasma core. The modes in the plasma core are probably spurious, arising from
inadequate box size, and were not pursued further. We conclude that there are no strongly
growing unstable ITG/TEM drift modes in the plasma core. The core growth rates and real
frequencies for ITG/TEM modes are not shown in Fig. 5 because we could not show definitive
stability, as we could for ETG modes.

The difficulty is that the ballooning approximation is no longer valid at small values of
magnetic shear, 5=(r/q)(dq/dr), as in the plasma core (Fig. 2b). In this case, in the absence of
strong driving forces, the eigenfunctions then become very broad and cannot be well resolved,
and usually neglected higher-order corrections become important. Calculations with a full
radius, global code such as GTC* or GYRO?® could be used to resolve these modes and confirm
ITG/TEM stability, as they do not make use of the ballooning approximation.

Figures 5a and 5b show that in the barrier region (7/a ~ 0.45) there are weak ITG/TEM
modes for 0.1<k,0,<0.4, while outside the ITB region ITG/TEM drift modes are strongly
unstable at 0.1<k,0,<0.8. The TEM mode (usually found near k,0,~ 1) is stable everywhere. The
ETG mode is strongly unstable at and outside the barrier, with maximum growth rates near &,y

~ 20. Earlier gyrokinetic calculations'"'?

of this plasma assumed ion collisionalities whose ratios
(va.i/Ve-i)) were too high by factors of (36, 20, 6) for plasma radii (0.25, 0.45, 0.65). Such high ion
collisionalities completely stabilized the weak ITG/TEM mode in the barrier region'' and led to
quiescent microturbulence in nonlinear simulations'. Ton collisionalities are corrected in the
present work and in Ref. 13.

Figure 6 shows the eigenfunctions of the ITG/TEM electrostatic potential at and outside

the ITB region for k,0,=0.2. The modes are well converged outside the plasma core.
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At the ITB onset time the fastest growing ITG/TEM mode growth rates (0.0 MHz, 0.026
MHz, 0.13 MHz) increase with increasing radii, 7/a=(0.25, 0.45, 0.65). In Fig. 7 are shown the
most important dimensionless driving forces, which usually destabilize or stabilize ITG/TEM
instabilities, at these values of 7/a. The parameters 1'=(VIy/T)/(Vno/n,), -aVT/T, -aVT./T., and
5 increase with radius, -a Vn./n. decreases with radius, while Z.4is assumed constant and 7;/7, is
nearly constant.

D. Effects on ITB region instability of scaling Lrand L,

An extensive study was carried out to investigate the effects of scaling the normalized
temperature and density gradients on long wavelength ITG/TEM stability for plasma conditions
in the barrier region (Figs. 8-11). The inverse temperature and density scale lengths, for each
species j, are defined by Ly’ =VT/T; and L,;' =Vny/n;. The identification of the fastest growing
mode type (ITG-like or TEM-like) and stability/instability for each scaling calculation was
mapped onto the dashed lines of Fig. 4 and determined the stability boundaries. The temperatures
or density gradients for all species were scaled by the same multiplicative factor, and all other
plasma conditions were held constant.

In the barrier region at ITB onset, the C-Mod plasma is above marginal stability (Fig. 4,
green star). This base case exhibits weak ITG/TEM instability and is well above the critical value
of the normalized temperature gradient for ITG destabilization, R/VT/T].: = 0.8
R[VT/T]exp=06.9, as determined from Fig. 8a. The maximum ITG growth rate in Fig. 8 increases
linearly with scaling factors Sy=VT;/T; /[VT /T ], up to 4, applied to all species j. For Sr<2.5
the growth rate spectrum ¥""“™(k ,p,) has a parabolic shape, peaked at ~0.2-0.3k,p, (Fig. 9a).
Above the experimental normalized temperature gradient, the growth rate shows nonmonotonic

behavior. The wave vector of the fastest growing mode switches between k,0, = 0.2 and 0.3. At
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St=2.5, f(k,ps) 1s as high as that found for strong ITG/TEM turbulence outside the ITB region at
r/a = 0.65 (Fig. 5b), in physical units. For Sy equal to 2.5 and 3 there are indications of TEM-like
as well as ITG-like ITG/TEM instabilities, but without properly localized eigenfunctions for
values of ky,o; ~ 0.8. Above Sr = 4, a different root at long wavelength (a kinetic ballooning
mode, k,0,=0.1) becomes the most unstable mode (Fig. 8b) and the maximum growth rates rise
by an order of magnitude with broadened, nonparabolic spectra (not shown).

The ITG/TEM instability is robust at all values of the logarithmic density gradient
multiplier Sy, (Figs. 10-11) changing from ITG-like to TEM-like with increasing scaling factors,
as expected from the stability diagram of Ref. 28. The maximum growth rate increases linearly
with Sy up to multiplicative factor 4, becoming increasingly sensitive to the multiplicative factor
above 6. The real frequency of the fastest growing mode decreases slowly up to scaling factor 4
and then at 6 the solution transitions from an ITG-like to a TEM-like root with tearing parity.
Kinetic theory has shown in general that density peaking may stabilize or destabilize the
ITG/TEM mode, depending on plasma collisionality, trapped electron fractions and 7,/7,”' . At
ITB onset in the barrier region, density peaking further destabilizes the ITG/TEM mode in the C-
Mod case, as is also found in Ref. 14. For the C-Mod ITB onset time, we find the growth rates in
the barrier region are much more sensitive to increased temperature gradients than to increased
density gradients and that there is no critical density gradient below which the ITG/TEM modes
are stable.

IV. DISCUSSION

Linear stability analysis of the C-Mod ITB at the onset time shows that long wavelength

ITG/TEM modes are weakly unstable at the barrier region. This provides an environment with

little plasma microturbulence and allows the Ware pinch to cause the density peaking seen in the
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experiment™'. Additional linear calculations were used to create an ITG/TEM drift mode
stability phase diagram for this C-Mod plasma. We next compare the ITG stability threshold
obtained for the barrier region to predictions from standard microstability models®****°. Such
comparisons can verify the accuracy of the parametric dependencies of simpler, analytic or
computationally-based models.
A. Comparison with analytic models for the ITG stability threshold

The long wavelength drift mode phase diagram, Fig. 4, is in qualitative agreement with
the original phase diagram®®. Although the critical temperature gradient threshold in Fig. 4 for
the barrier region |RVT/T\iro/rem 1s 6.9 and in Ref. 28 this critical temperature gradient is 2.5,
such a difference is not unexpected. The thresholds depend on all the plasma parameters, in
addition to the density or temperature gradients being varied. Although all the C-Mod radii
simulated are denoted on Fig. 4, only the topology of the stability plot is constant; the scales of
the axes are set for simulations at »/a=0.45, and will be different for »/a= (.25 and for r/a= 0.65.
Figure 4 is based on electromagnetic GS2 calculations. Although GS2 identifies only the fastest
growing modes at each wavelength, there may be many other modes present with weaker growth
rates. In the figure, we also show the pressure-driven kinetic ballooning stability boundary. This
stability boundary is roughly part of an ellipse determined by two transition points. Since it is a
shear-Alfvenic oscillation with its stability boundary depending most strongly on RVT/T;, it is
sometimes called an Alfvenic ion temperature gradient (AITG) instability™.

We next compare GS2 results to a standard analytic model for the ITG stability threshold
(see Ref. 20, page 403). At the onset time for ITB formation, the barrier region has a density

profile sufficiently flat that the toroidal ITG mode threshold is described by a critical temperature

13



gradient, rather than a critical 7. We find that the commonly quoted critical value " = 1.2,
for normal density profiles, is not valid for the ITG/TEM instability at the ITB onset time.

If & =LJ/R> "= 0.9/[1+1/(T/T)][1+2 §/q], the density profile is broad enough that
the critical parameter 17" becomes

0" =43)HIATS/T)NL/RI[1+25/9]. (1)

L, is the electron density scale length. At the ITB onset time for radii (r/a=0.25, 0.45, 0.65), &,
has the values (0.5, 0.8, 8.3), higher than the critical thresholds &,"", (0.22, 0.18, 0.17). Thus 7"
is better approximated by the flat density regime formula given in Eq. (1), with the values (3.2,
5.6, 56) at these three plasma radii. Given these critical thresholds, the experimental values of 1,
(0.94, 6.5, 68) are well below criticality in the core, and above threshold in the ITB region and
outside the ITB, and are in agreement with the linear gyrokinetic stability analysis. At 0.8 s we
attribute quantitative differences between Eq. (1) and the gyrokinetic model threshold
calculations to a positive (reversed) density gradient in the barrier region (Fig. 2a). Since 1=
[VT/Ti] erid[ Vite/ne]exp, this standard model predicts R/ VT/Ti] i = 0" [ Vite/ne] oy = 7.1, close to
the GS2 result.

Finally, we compare the GS2 ITG/TEM threshold obtained for the C-Mod ITB onset time
to an analytic extension of a computationally-based model. Based on extensive linear GS2
calculations, Jenko™ has formulated an algebraic ETG critical temperature gradient, which
reduces to two previous analytic theories’**> for ITG/TEM modes in appropriate limits. This
ETG critical temperature gradient formulation can be extended approximately to ITG/TEM

modes if n; replaces 7., Lz replaces Lr., and 7/T. replaces T,/T;. Geometrical effects are likely to

be the same for electrons and ions. We neglect Z.;dependence, as the role of Z; is complex in
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controlling the stability of ITG modes®’, as well as other small corrections. This transformation
leads to an ITG critical temperature gradient threshold

R(VT/Ty)crie= max{(1+7)(1.33+1.91 5/q) (1-1.5¢)[1+0.3edK/d¢)], 0.8R/L,}.
In the barrier region ¢=1.32, §=0.96, t=T,/T, =1.16, k=124, e=r/R,=0.14 and

(e/x)(dx /de) =0.08. Kk denotes the elongation. The critical ion temperature gradient from our
linear calculations of the barrier region at ITB onset, (R/L7j)crit =6.9, is 40% higher than that
predicted by the above formula, 4.9. Our calculations were based on numerical equilibria and
include geometrical effects as in the standard ETG model®*, but also include trapped particle
effects, complete FLR effects, electron-ion collisions and impurity ions. The difference in critical
temperature gradients might suggest that the transport barrier is more easily formed near
r/a=0.45 than for typical high turbulence plasma regions which were the basis of the critical
temperature gradient models, but a 40% difference between the GS2 threshold and our extension
of the Jenko threshold is not unexpected. Trapped particle effects, electron-ion collisions and
impurity ions are likely to be important in accurately modeling ITB formation, and we encourage
future gyrokinetic simulations to include these effects in developing improved algebraic critical
gradient models.
B. Comparison of gyrokinetic modeling to transport analysis of experiment

In principle, predictions for experimentally measured heat and particle fluxes and
transport coefficients can be found for each plasma species. However, because C-Mod has such
high plasma density, error estimates for electron or ion heat fluxes and diffusivities can be as
large as +70%, so that the effective heat transport coefficient

X = ST, + %1 VT) VT, +nVT,)
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is reported, rather than ), and );. In Fig. 12 the experimental y.;and the neoclassical ion thermal

. . 18 h _H'
conductivity -, XiC ang-Hinton

, are shown at the ITB onset time. The large differences between the
experimental effective heat diffusivity and x,"**¢*"" both at and outside the ITB region, mean
that microturbulent-based anomalous transport is likely to be important at both locations.

Waltz’® discusses the difficult task of reducing complex, nonlinear simulation results into
an algebraic formula for predictive transport coefficients. We have estimated ITG/TEM-driven

mixing length transport coefficients from the linear calculations according to the simple

. ITG/TEM 2 . . .
formulation: yux = ¥ /<k,?>, where <...> indicates a field line average and the wave

ITG/TEM Chang-

vector is chosen at maximum growth rate y . These estimates are compared to )i -x;
finonfor the three plasma radii in Table II. This simple mixing length formulation is in
agreement with transport analysis in the plasma core and overestimates the observed transport by
less than a factor of two at and outside the barrier region. This is relatively good agreement with
experiment for the linear calculations.

Generally nonlinear simulations are desired for model validation against experiment.
However, it is unlikely that nonlinear gyrokinetic calculations will yield significant ITG/TEM
microturbulence in the core, given the flat density and temperature profiles and no strongly
growing linear instabilities. Subcritical turbulence has only been identified in gyrofluid

calculations near the plasma edge®. Self-sustained core drift wave turbulence has not been

observed to date at the low collisionality,

c, my,

K Te

2
C-= 0.51”6—%ﬂ(ﬂ) ~107 <<1.

v, is the electron collision frequency. Nonlinear calculations would be needed for better

benchmarking of the gyrokinetic model against experiment at and outside the ITB region at the
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onset time. Such calculations for TEM' are found to be in rough agreement with transport
analysis of the barrier region later in this experiment during the fully developed ITB phase.
Fully converged nonlinear simulations of both ITG/TEM and ETG modes are needed, since it is
not known how energy losses are divided between the electron and ion channels in C-Mod.

V. CONCLUSION

Fully electromagnetic, linear, gyrokinetic calculations of the Alcator C-Mod ITB during
off-axis rf heating, following four plasma species and including the complete electron response
show ITG/TEM microturbulence is suppressed in the plasma core and in the barrier region
before barrier formation, without recourse to the usual requirements of velocity shear or reversed
magnetic shear. No strongly growing long or short wavelength drift modes are found in the
plasma core but strong ITG/TEM and ETG drift wave turbulence is found outside the barrier
region. Linear microstability analysis is qualitatively consistent with the experimental transport
analysis, showing low transport inside and high transport outside the ITB region before barrier
formation, without consideration of ExB shear effects.

Since there are no strong ITG/TEM drift wave instabilities at the ITB region,
microturbulent driving forces are not strong enough to provide outward anomalous particle
transport across the barrier region even before ITB formation. The good confinement appears to
result from a combination of factors in the ITB region (¢, §, -Vn/n, -VI/T), which are not
sufficient to stabilize turbulent microstabilities outside the plasma core. The strong dependence
of the barrier region ITG/TEM instability on the normalized temperature gradient suggests that
local rf heating may underlie ITB formation in this experiment. Further experimental and
computational tests will be needed to identify trigger mechanisms for the C-Mod ITB.

Comparison of computational models to analytic models and experiment are essential in
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establishing credibility for computational physics. We find standard analytic models of the
ITG/TEM critical temperature gradient threshold compare satisfactorily to the GS2 gyrokinetic
model and that the ITG/TEM mixing length model is roughly consistent with experiment at ITB
onset.
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Table I. Plasma parameters for C-Mod gyrokinetic calculations at 0.9 sec.

Parameter ria  0.25 0.45 0.65
q 0.99 1.32 2.00
5 0.51 0.96 1.48
TJ/T=Ty/T, 0.99 1.16 1.06
Tw/'T, 1.30 3.96 1.59
~QrefVe/Me=-ArefVNa/Ny 0.71 0.42 0.04
-areVp/ny, 0.71 0.43 0.05
~Qref Vinn/ny, 0.71 0.42 0.04
-arefVTo/T, 1.47 2.35 2.83
~QrefVIa/Ta=-arefVTp/T 0.67 2.75 3.41
~arefVTi/Th -3.13 15.4 5.69
Vei Qreff(c5V2) 0.30 0.56 1.54
Vi Gref/(¢5V2) 0.01 0.02 0.05
Vi-i Qref/(C5V2) 0.07 0.11 0.33
Vii Qref/(C5V2) 0.01 0.01 0.04
To=T. (keV) 1.15 0.77 0.45
Nror= 1, (10*m™) 3.1 2.8 2.7

Brer (%) 0.75 0.45 0.25
cs=(Tre/myep™ (10 m/sec) 24. 19. 15.

Freq norm= cy/a,.; (MHz) 1.07 0.88 0.67
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Table II. Comparison of linear ITG/TEM mixing length model transport coefficients to

anomalous transport coefficients, yoz-x"""¢"™", derived from transport analysis of experiment.

r/a 0.25 0.45 0.65
i = 1 TN<k P> () 0 0.76 1.04
Xeﬂ_)CiChang-Hinton (mZ/S) 0 0.4 0.8
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Figure Captions

Figure 1. C-Mod ITB discharge with off-axis ICRF heating throughout the discharge and central
ICRF heating applied after the ITB is established. Summary traces are ICRF power, stored
plasma energy, line-averaged density, neutron rate, central ion temperature and toroidal rotation.
Figure reproduced from Ref. 7, used with permission of the author.

Figure 2. a) Radial profiles of electron density showing evolution from L-mode (0.7 s) to H-
mode (0.8, 0.9 s) and the ITB development phase, with peaked density profiles at times up to 1.2
s. The times of interest are 0.8 and 0.9 s, before the ITB is established. The three radial locations
shown, 7/a~0.25, 0.45 and 0.65, are chosen to represent conditions in the plasma core, the ITB
barrier region and outside the ITB region. b) Radial profiles of the plasma safety factor, ¢, from
0.7 to 1.2 s. The profile g(7) for 0.9 s is also inset separately. c) Electron temperature profiles for
times from 0.7 to 1.2 s. d) lon temperature profiles for times from 0.7 to 1.2 s.

Figure 3. The growth rates (a) and real frequencies (b) of the ITG/TEM modes in the ITB region
at 0.8 s and 0.9 s are nearly identical, although the plasma densities differ.

Figure 4. Phase diagram for linear instability of ITG and TEM drift modes for the C-Mod plasma
before ITB formation. Diagram adapted from Figure 1 of Ref. 28. Star symbols indicate three C-
Mod radial locations simulated, with stable conditions found in the plasma core (red), weakly
unstable ITG instability at the barrier region (green) and strongly unstable ITG mode outside the
barrier region (blue). Dashed lines map locations for linear simulations carried out to study the
effect of variations in density and temperature gradients about the base case at the barrier region.
RVI/TSRVT/T+RVT./T,)2. RVN/N = (RVnsngs +RVn.n,)/2. R is the major radius. The

kinetic ballooning stability threshold is represented by part of an ellipse.
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Figure 5. a) Linear instability growth rates in the plasma core, and at and outside the ITB for &, oy
from 0.1 to 80, the ITG/TEM and ETG range of wave numbers. b) Growth rates in the long
wavelength ITG/TEM range are shown on a linear wave number scale. At the time of onset,
there are no strongly growing ITG/TEM modes in the plasma core, only weak instabilities at the
barrier region and strong ITG/TEM instabilities outside the barrier region. c¢) Real frequencies in
the plasma core, and at and outside the barrier region for & ,p; from 0.1 to 80, the ITG/TEM and
ETG range of drift mode wave vectors.

Figure 6. Real and imaginary parts of the electrostatic eigenfunctions of the k,0~0.2 ITG/TEM
drift wave modes for a) the ITB region where TGTEM,  =0.026 MHz and b) outside the ITB
region where y7%"™, .=0.13 MHz. No unstable, well converged ITG/TEM mode is found in the
plasma core.

Figure 7. The normalized driving forces (-aVIy/T;, -aVIJ/T., Z.; T/T. S, -aVi/n. ni=
[VT/T;]/[Vno/n.]) known to most strongly stabilize or destabilize long wavelength drift mode
microturbulence, are shown at ITB onset for three plasma radii at 0.9 sec.

Figure 8. (a) Maximum ITG/TEM growth rates in the barrier region increase with scaling factors
Stup to 2. For each species j, the normalized temperature gradient is scaled by the same factor
St, VI/T; = St/ VT;/T;]exp. The barrier region is slightly above marginal stability before barrier
formation: the ITG instability threshold is 0.8 x the normalized logarithmic derivative of the
experimental temperature. (b) Maximum ITG/TEM growth rates increase with temperature
gradient scaling factors S7 up to 8. A new root, a kinetic ballooning mode, is destabilized at Sy =
5.

yITG/TEM

Figure 9. a) The growth rate spectra (k,ps) at long wavelength in the barrier region at ITB

onset time exhibit increasing maximum growth rates for scaling factors Sr up to 2. b) The drift
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mode real frequencies '’k ,p,) at long wavelength are predominantly ITG-like, rotating in
q P g g p y g

the ion diamagnetic direction for Srup to 3.

Figure 10. a) The maximum ITG/TEM growth rate dependence on scaled density gradients. Each
species is scaled by the same normalized density gradient scaling factor, Sy =(Vi/n))/[ Viny/n;] oxp.
The fastest growing mode changes from ITG-like to TEM-like near scaling factor 6. b) Real
frequencies corresponding to the maximum growth rates of the ITG/TEM modes for scaling
factors Sy =(Vni/n;)/[ Vni/n;] ., up to 10.

YTTEM g o) for density gradient scaling

Figure 11. a) Spectra of ITB region growth rates
factors Sy =(Vn;i/n;)/[ Vni/n;] ., up to 10. b) Real frequencies o/ TETEM g ,Ps) for scaling factors Sy
=(Vny/n;)/[Vni/n;]., . For scaling factors greater than 5-6, the modes are TEM-like at low values
of k,p,, with the real frequency in the electron diamagnetic direction.

Figure 12. Radial profiles of . and the Chang-Hinton neoclassical ion conductivity from

transport analysis of the experiment at 0.9 s. Anomalous transport must be accounted for outside

r/a=0.25 and may correspond to unstable ITG/TEM and ETG drift mode microturbulence.
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